The protein-synthesizing ribosome undergoes large motions to effect the translocation of tRNAs and mRNA; here the domain motions of this system are explored with a coarse-grained elastic network model using normal mode analysis. Crystal structures are used to construct various model systems of the 70S complex with/without tRNA, elongation factor Tu and the ribosomal proteins. Computed motions reveal the well-known ratchet-like rotational motion of the large subunits, as well as the head rotation of the small subunit and the high flexibility of the L1 and L7/L12 stalks, even in the absence of ribosomal proteins. This result indicates that these experimentally observed motions during translocation are inherently controlled by the ribosomal shape and only partially dependent upon GTP hydrolysis. Normal mode analysis further reveals the mobility of A-and PtRNAs to increase in the absence of the E-tRNA. In addition, the dynamics of the E-tRNA is affected by the absence of the ribosomal protein L1. The mRNA in the entrance tunnel interacts directly with helicase proteins S3 and S4, which constrain the mRNA in a clamp-like fashion, as well as with protein S5, which likely orients the mRNA to ensure correct translation. The ribosomal proteins S7, S11 and S18 may also be involved in assuring translation fidelity by constraining the mRNA at the exit site of the channel. The mRNA also interacts with the 16S 3' end forming the Shine-Dalgarno complex at the initiation step; the 3' end may act as a 'hook' to reel in the mRNA to facilitate its exit.
Introduction
The ribosome is a large protein-RNA complex, which is a molecular machine essential for most cellular functions; it synthesizes proteins based on the genetic information encoded in the mRNA. In bacteria, the 70S ribosomal complex contains two subunits: 1) the smaller 30S subunit, which has the large 16S rRNA and 21 ribosomal proteins and 2) the larger 50S subunit containing the 23S rRNA, the smaller 5S rRNA, and more than 30 ribosomal proteins. Figure 1 displays the 30S and 50S subunits labeled for its functional regions and the proteins discussed in this study. Each subunit plays a particular role in the protein synthesis. The mRNA carrying the genetic code wraps around the neck of the 30S subunit, which forms part of the three tRNA binding sites, designated A-(aminoacyl), P-(peptidyl) and E-(exit).1 , 2 Assisted by the elongation factor (EF) Tu, each tRNA-amino acid enters the ribosome, with the cognate tRNA moving into the A-site. During elongation, the peptidyl transferase center residing in the 50S subunit catalyzes the peptide bond formation between the two amino acids attached to the A-and P-tRNAs, and the nascent polypeptide grows by one amino acid pushing into an exit tunnel formed mainly of rRNAs.3
After the peptide bond formation is completed, the deacylated tRNA remains bound at the Psite with the polypeptide remaining attached to the A-tRNA. In order to vacate the A-site for an incoming new aminoacylated-tRNA, translocation of the tRNAs is required. Translocation is catalyzed by the EF-G.GTP binding to the L7/L12 stalk base, accompanied by large conformational rearrangements in the ribosome complex, [4] [5] [6] but the exact mechanism is not known. According to the hybrid-states model, 7 first the regions of the Aand P-tRNAs interacting with the large subunit move to the P-and E-sites while their anticodons remain bound to the mRNA in the 30S subunit. This transition state is called A/P and P/E for the two tRNAs. Then, subsequently the anticodon stems in the 30S subunit move to the P-and E-sites, catalyzed by EF-G.GTP. At the end of these translocation steps the deacylated tRNA is located at the E-site and the polypeptide carrying the tRNA at the Psite.
During protein synthesis, some regions of the ribosome undergo conformational changes, such as those regions important for the translocation of the tRNAs (Fig 1) , which must assure maintenance of the correct frame reading. Cryo-electron microscopy (cryo-EM) studies have shown that upon binding of EF-G, the ribosomal subunits undergo a ratchetlike rotation. 8 Other experimental studies also showed that small subunit head rotates during tRNA selection9, translocation,5 and subunit association,10 even in the absence of ligands. 11 Such experimental evidence indicates that the 30S head rotation possesses inherent motions essential for protein synthesis. Another functionally important region is Helix 44 on the 30S subunit that contains the universally conserved decoding center A1492 and A1493 forming the major part of the inter-subunit bridges. 12 Experimental evidence suggests that a shuttling motion of top region of Helix 44 is essential for tRNA and mRNA translocation. 13 Another significant rearrangement during protein synthesis is observed at L1 and L7/L12 stalks of the large subunit: [14] [15] [16] The L1 stalk plays an important role in the translocation process helping E-tRNA to leave the ribosome 14 and was also confirmed in our previous simulations. 17 On the other hand, the L7/L12 stalk, where EF-G or EF-Tu binds at its base to catalyze the translocation or to deposit a tRNA respectively, also undergoes the largest conformational change in the large subunit. 5, 15 This stalk that comprises the ribosomal protein L10 and multiple copies of protein L7/L12, 18 is one of the most mobile parts of the large subunit. 5, [19] [20] [21] [22] The other mobile components include the base of the L7/L12 stalk, the L1 stalk, 14, 21, 23, 24 the GTPase-associated centre 25, 26 and the C-terminal domain of protein L9. 27, 28 The correct positioning of the mRNA within the ribosome is critical for correct frame reading during protein synthesis. We have previously shown in our simulations how it is confined so strictly that it moves as a fully rigid body. 17 However, little is known about the details of the mechanism of mRNA translocation during protein synthesis. A recent study based on a comparison of ribosome conformations from different crystal structures has elucidated the formation of the initiation complex where the anti-Shine-Dalgarno (S-D) sequence (AGGAGG) (i.e. the 3'-end of 16S shown in Fig 1 (b) ), interacts with the 5'-region of the mRNA -together called S-D duplex-and is tightly constrained between the 30S platform and neck. [29] [30] [31] It was also suggested that after a clock-wise rotation of the small subunit head, the mRNA undergoes a relaxation between initiation and post-initiation steps causing the S-D duplex to lengthen and to rotate about 70°, providing the correct positioning of the start codon at the P-site. 30, 31 After the first peptide bond is added, the S-D interactions are destabilized, and the 3' end of 16S rRNA allows mRNA to advance along the exit channel, 32 accompanied by a screw-like motion of the S-D duplex. 33 Various structural features and regions are also essential for the ribosome to function properly. Among those, the secondary structure of the mRNA plays an important role in correct frame reading. Recent mutation studies on ribosomal proteins S3 and S4 34 revealed a previously unknown helicase processivity of the ribosome, functionally similar to the sliding clamp that holds DNA polymerase on DNA during replication. 35 The ribosomal protein S5 is also important for translation fidelity, where the highly conserved residue Glycine 28 on loop 2 plays a significant role. 36 A recent experimental study has revealed that the translocation is a non-continuous process divided by intrinsic short pauses due to the energy barriers originating in the secondary structure of the mRNA, and that the RNA unwinding and translocation processes are coupled. 37 Symmetrical to this site, ribosomal proteins S7, S11 and S18 are located around the mRNA channel exit (Fig 1 (b) ). S7 is one of the ribosomal proteins starting the assembly process of the small subunit. 38, 39 It is located near the decoding site and the tRNAs and its β-hairpin is positioned near the Watson-Crick face of the E-tRNA. 2 Based on available experimental evidence, it was suggested that S7 might function as a gate keeper for tRNA, 40 and the β-hairpin might function to separate the E-site codon-anticodon pair. 41 Site-directed mutagenesis studies have indicated that the interaction region between S7 and S11, which connects the head of the small subunit to the platform, is important in translational fidelity. 42 Ribosomal proteins S11 and S18 also closely interact with the S-D duplex and the 5' end of the mRNA, 30, 43 and S18 is known to be crucial for cell survival. 44 Normal mode analysis (NMA) is a powerful computational technique to elucidate the dynamics of large biological macromolecules. [45] [46] [47] Especially, recent coarse-grained NMA methods48 -54 have demonstrated the determination of functionally important transitional pathways of supramolecular assemblages revealed by a small number of low-frequency normal modes. [55] [56] [57] [58] [59] The overall finding from many applications has been that the highest resolution structures are not generally required in order to compute the most important slowest modes, which are quite insensitive to the details of the structure. The conformational analysis of the ribosome by coarse grained normal mode computations has been investigated, although not sufficiently to extract all details of its mechanisms. The collective dynamics of the ribosome and its complexes have been analyzed with normal modes using a coarse-grained force field,58 and an elastic network model, namely the anisotropic network model,17 , 49 ,56 coarse-grained molecular dynamics (MD) up to 500ns, 60 and full-atom targeted MD simulations in explicit water. 61 In this study, the collective dynamics of the bacterial ribosome are investigated with the anisotropic network model (ANM) 49 in order to understand the directions of conformational changes for various model systems based on 70S complex crystal structures. All models include 70S and mRNA, but tRNAs, EF-Tu, and ribosomal proteins are selectively excluded to analyze their effects on the ribosomal dynamics. The various 70S complex models used for our analysis are shown in Table 1 . In contrast to recent computational studies that concentrate on the general dynamics of the mobile L1 and L7/L12 stalks, tRNAs and the ratchet-like rotations of the subunits, here we focus on (1) the changes in collective dynamics in the absence of some functional parts, and (2) the conformational rearrangements at the entry and exit channels of the mRNA on the ribosome, including ribosomal proteins S3, S4, S5, S7, S11, S18 and the 3' end of the 16S rRNA in the 30S subunit. Finally, we propose a possible mechanism for the translocation of mRNA in the ribosome during the elongation phase.
Materials and methods

Structures studied
In order to observe the effect of some functional members of the complex using the elastic network model, various structures of the bacterial ribosome have been constructed for the purpose of simulations. The model systems are 70S-mRNA complexes with the mRNA and (i) with the A-, P-, E-tRNAs, called 70S; (ii) with the P-, E-tRNAs, called 70S_no_A; (iii) with the A-, P-tRNAs, called 70S_no_E; (iv) without the tRNAs, called 70S_no_A_P_E; (v) with the A-, P-, E-tRNAs and EF-Tu, called 70S+EF-Tu, (vi) without the ribosomal proteins, called 70S_no_proteins, (vii) without the ribosomal protein L1, called 70S_no_L1 and (viii) without the ribosomal proteins on the L7/L12 stalk, called 70S_no_L7/L12. These model details are listed in Table 1 . These model systems are all generated from the same PDB files 1JGO-1GIY and 1MJ1 containing three tRNAs, a 27 nucleotide long mRNA and the EF-Tu.tRNA, respectively, so any distortions originating from deleted parts will not be accounted for in these calculations.
Anisotropic Network Model
The elastic network models utilize the protein, RNA, or protein-RNA structures in their native states. The simplest elastic network model is the Gaussian network model 48 (GNM) that was originally developed for the theory of rubberlike elasticity of random polymer networks. It assumes that network nodes fluctuate randomly around their mean positions and that the distribution of fluctuations is isotropic, i.e. fluctuations are represented by spheres. The anisotropic network model 49 (ANM) is an extension of GNM and assumes that fluctuations are anisotropic and are represented by ellipsoids. In these original models, ANM and GNM, the residues were represented by a coarse-grained node located at each C α position or each residue's center of mass. The close neighboring nodes within a cutoff distance r c are connected by harmonic springs with a force constant γ to define the threedimensional network. Consequently, the total energy of the system of N residues is the sum over all harmonic interactions of i,j interconnected residue pairs given as (1) Here, R i and ΔR i are the position and fluctuation vectors of node i (1≤i≤N); R ij is the distance between i,j pairs; and h(x) is the Heaviside step function [h(x)=1 if x≥0, and zero otherwise]. The adjustable harmonic spring constant γ is identical for all bonded and nonbonded interactions within the elastic network.
Because the starting structure is assumed to be the lowest in energy, the potential energy of the network in its distorted forms can be expressed as (2) where ΔR is the 3N-dimensional fluctuation vector, ΔR T its transpose and H is the (3N×3N) Hessian matrix, or force constant matrix, whose elements are the second derivatives of the total potential energy with respect to the Cartesian coordinates of the i th and j th nodes.
To calculate the normal modes, the Hessian matrix H is diagonalized in the canonical form (3) Here, Λ is a (3N × 3N) diagonal matrix with diagonal elements corresponding to eigenvalues (λ 1 ,…, λ 3N ) or inverse squared normal mode frequencies. S is an orthogonal (3N × 3N) matrix (i.e. S T S = I) whose columns are the eigenvectors.
After H is diagonalized, the overall motion can be obtained as the summation over (3N) normal modes. The frequencies of the translational and rotational motions of the structure are zero resulting in (3N -6) normal modes. The mean-square fluctuation of residue i can be expressed in terms of coordinates as a summation over all normal modes as (4) where 〈ΔR i 2 〉 is the mean-square fluctuation of residue i, k B is the Boltzmann constant, T is the absolute temperature, and ω l is the normal mode frequency for the non-zero th l th mode. The parameter γ is generally adjusted by scaling the theoretical fluctuations (cumulative of 3N-6 normal modes) according to those obtained from the experimental B-factors, but this adjustment is not essential to understand the relative importance of individual ribosomal motions.
In our simulations, the diagonalization of the Hessian matrix is the most computationally challenging task. For example, the final elastic network for the ribosome complex contains 9808 nodes for the 70S-mRNA-tRNAs complex and the diagonalization of a (29424 × 29424) Hessian matrix is required. The 3D displacement vectors of the nodes are calculated for a specified number of the slowest modes (k=10 in our case) using the computationally efficient software package BLZPACK 62 using a block Lanczos algorithm 63 . This algorithm facilitates deriving the eigenmodes and allows us to obtain the desired eigenvectors of this large matrix within a reasonably short time.
In general, the low frequency collective dynamics relate to the biological function of the macromolecules and can be obtained with high computational efficiency compared with conventional full-atom molecular dynamics simulations. 49, 50, 52, 54, 55, 57, 64 Our calculations on ribosome are based on the first ten slow modes, which correspond to the most collective motions of the ribosome complex, dominantly the ratchet-like rotation of the subunits explained in detail in the following section. We report the cumulative fluctuations of the subset of k slowest modes as (5) It should be noted that fluctuations reported in this work do not represent the absolute values in Å 2 and specify the relative motions.
Results and discussion
We perform an ANM analysis on the bacterial ribosome structure 70S of T. Thermophilus in its complex with the A-, P-, E-tRNAs, and mRNA, using protein data bank structures (PDB)65 1JGO and 1GIY2 , 43 as an extension of an earlier work.56 Additionally, the crystal structure of EF-Tu in its complex with tRNA (1MJ1) 66 originally fit to the 1GIY structure, is used to investigate the ribosome dynamics. The crystal structure of the entire 70S ribosome is at low-resolution (5.5 Å) and contains only the P and C α atoms of the respective 30S and 50S subunits together with all heavy atoms of the tRNAs and mRNA. It is one of the most complete ribosome structures except for the notable disorder in the L7/L12 stalk. On the other hand, there are recently higher resolution crystal structures at 2.8 Å 67 and 3.5 Å; 11 but the former lacks some proteins of the L7/L12 stalk together with the A-tRNA, and the latter does not contain the ribosomal protein L1 together with any of the tRNAs or the mRNA. Moreover, because we are focusing on the interactions of the mRNA with its surroundings at the entrance and exit channel and because these cannot be studied based on a short (11 nucleotide long) or completely absent mRNA in the higher-resolution structures; therefore, we consider the lower-resolution structure to be most suitable for our purpose since it has a 27 nucleotide long mRNA. Also since the ribosome structure will be coarsegrained, the best crystal structures for our purposes (i.e. structures with PDB codes 1JGO and 1GIY) have been chosen for our ribosome model.
In this crystal structure, two copies of L7/L12 proteins could be placed on the L7/L12 stalk. 18, 43 No electron density could be assigned to the protein L10 and the location of L7/L12 proteins was later viewed to have been erroneous in the original 5.5 Å crystal structure by more recent studies. 22, 68 Still the structure of the L7/L12 stalk will be retained in some of the present models to maintain some electron density for this stalk, which may possibly influence the collective dynamics. However, we observe essentially no changes in the dominant motions of the remainder of the structure, when this L7/L12 stalk is deleted, so the most likely gain from including this stalk is to learn about its likely directions of its motions.
A more globular structure of the large subunit could be obtained by removing the extended ribosomal protein L9 (Fig 1 (a) ), similar to our previous work, 56 which may undergo large amplitude motions and dominate the collective motions for the slow modes, the so-called "tip effect". 69 So far, different node densities have been mostly implemented in the coarsegrained elastic network models of protein-DNA/RNA structures such as placing a single node at the P position, 56 two nodes at the P and O4' positions, 70 or three nodes at the P, C2 and C4' positions 71 of the nucleotides while retaining a single node at the C α position for amino acids. Such complexes are also investigated as a full-atom elastic network using mechanical force fields, where the Hessian matrix is first reduced and then the eigenvectors are projected back. 72 In the current elastic network model, we use the one-node per interaction site, i.e. P for nucleotides and C α for amino acids since our crystal structures contain coordinates for these nodes only. Similar to our previous study, 56 the cutoff distance to determine interacting C α -C α residue pairs is taken as 15Å, whereas it is 24Å for C α -P and P-P pairs in order to have a sufficient number of interactions to constrain the structure. 50 The harmonic force linking all these nodes is taken to be uniform throughout the elastic network, so there is no specificity to the interactions, and all the spring constants are identical.
General conformational changes
For the various model systems in this study, the presence of tRNAs, EF-Tu (or EF-G) and the ribosomal proteins really affect the overall shape of ribosome only slightly, as can be seen in Figure 2 . Since we 73 and Lu and Ma 74 demonstrated the dominant effect of shape in determining the slowest most important motions of large structures, it can be anticipated that all of these structures are likely to have similar slowest motions. In Figure 3 , the displacement vectors of the nodes are displayed for three of the model systems (70S, 70S +EF-Tu and 70S_no_proteins) for some of their comparable slowest frequency modes. In the collective dynamics of the different models of the ribosome, the ratchet-like rotation of the two subunits and the mobility of the L1 and L7/L12 stalks are the two main global motions consistently observed in the slowest modes.
Ratchet-like rotation of the 30S and 50S subunits-The ratchet-like motion of the 30S and 50S subunits and the high mobilities of the L1 and L7/L12 stalks were clearly reported for the 70S-tRNAs-mRNA complex in previous computational studies. 17, 56, 58, 60 In addition, here, our elastic network analyses reveal that these motions are not only dominant for the 70S, but also for all of the different model systems studied here, i.e. the 70S with/ without tRNAs or ribosomal proteins, and even together with the EF-Tu.
To estimate the similarity between the directions manifested in the k normal modes of motion for the different models, the average overlap value or inner products of the normalized eigenvector sets v i and w j can be calculated 75 (6) An overlap value equal to 1 indicates a perfect match between the directions of displacement vectors for the nodes in two models. However, some normal modes from the reference model 70S exhibit high dot product values with multiple modes from the other set, i.e. there is not always a strict one-to-one correspondence. Still, each low frequency mode from 70S may be satisfactorily represented by a linear combination of the slowest ten modes from the other set. Table 2 provides the overlap values between different models with 70S used as a reference, where all values compared are averaged over the first 10 normal modes excluding the 6 modes corresponding to rigid body translation and rotation.
Even in the absence of ribosomal proteins constituting only about half of the actual ribosome complex, the ratchet motion of the subunits (Fig3 (a), (c) , (e)) and the small subunit head motion (Fig3 (b), (d), (f) ) remains dominant. The ribosome, with its huge size of 2.5 MDa and high level of molecular complexity, probably evolved in a complex evolutionary process, 65 but nonetheless at each stage in its evolution the functional motions were necessarily preserved. One piece of evidence supporting the viability and activity of the rRNA by itself is the set of in vitro experiments showing that the peptidyl transferase activity is preserved in 50S-like particles even in the absence of ribosomal proteins; [76] [77] [78] this may imply that rRNA, mostly carrying out the ribosome functions, was present first and the ribosomal proteins were added later during its evolution. 79 The ANM simulations of the system 70S_no_protein have shown that since the ribosome preserves its overall 3D shape; it remains capable of fulfilling its functional motions including the characteristic ratchet-like rotation of subunits, the small subunit head rotation, and the L1 and L7/L12 stalk fluctuations, with a resultant relatively high overlap value of 0.87 ( Table 2) .
Effect of the stalks and tRNAs on collective dynamics-The mobility of the two stalks -L1 and L7/L12-were observed experimentally with cryo-EM 5,14 and reported to be dominant and important in the collective motions of ribosome during translation by the ribosome. In vitro experiments showed that the lack of proteins L7/L12 and L1 decreases the rate of protein synthesis. 80, 81 Previous computational studies on the ribosome complex with coarse-grained molecular dynamics, 60 coarse-grained NMA, 58 and coarse-grained ANM 17, 56 have also pointed out the large conformational rearrangements in the L1 and L7/ L12 stalks, as well as the biologically functional importance of their anticorrelated movements.
Next, the ribosome model structures lacking ribosomal proteins on L1 and L7/L12 stalks, namely 70S_no_L1 and 70S_no_L7/L12 respectively, are studied with ANM in order to observe the effect of these two regions on the collective dynamics of the ribosome complex. Extremely high overlap values (0.98, Table 2 ) are observed for both models indicating that some functional rearrangements such as the ratchet-like rotation of the two subunits, which is the dominant motion of the complex, together with the 30S head rotation and mobility of stalk-like regions are preserved. In this study, all mean-square deviation plots are obtained from the average sum over the slowest ten modes for the corresponding regions, and the motions are scaled between 0 and 1 for clarity. This permits us to focus on the relative motions of the different parts of the structure. The fluctuation graphs shown in Fig4(a)-(b) indicate that the absence of the ribosomal protein L1 especially affects the dynamics of the L1 stalk's rRNA, which gains greater mobility, as well as the elbow of the E-tRNA which loses mobility. These changes may have important effects on the stability of this region especially for the removal of the E-tRNA, which is known to interact with ribosomal protein L1. 2 On the other hand, the absence of proteins on the L7/L12 stalk does not make any significant changes in the fluctuations of tRNAs and mRNA.
The root mean-square fluctuations for both the 70S and the 70S_no_A_P_E structures (also for 70S_no_A and 70S_no_E) show that the relative fluctuation magnitudes of each part of the structure (rescaled between 0 and 1), especially for the 30S head as well as for the L1 and L7/L12 stalks, increase in the absence of tRNAs. Hence, the binding of the tRNAs stabilizes several regions: the 30S head, especially ribosomal proteins S3, S4, S5, and their interactions with the mRNA, neck, spur, and the L1 and L7/L12 stalks of 50S (not shown). In addition, binding of elongation factor stabilizes 30S even further, as will be discussed in the following sections, for the entrance region of the mRNA strand. On the other hand, even though the presence of the E-tRNA does not affect the overall motion of the complex (showing an overlap of 0.97, Table 2 ), it does stabilize the fluctuations of the A-tRNA and the densely packed P-tRNA, and the codon-anticodon pair at the A-site in the slowest modes (Fig 4(c) ). This finding may be related to the previous observations of the influence of the EtRNA on the accuracy of A-site decoding. 82 Helix 44 acts as a dynamic anchor for translocation-Helix 44 (h44) (C1399-G1504 in the T. Thermophilus 30S subunit, Fig 1(b) ), which carries the universally conserved decoding center A1492 and A1493, and Helix 69 (H69) (G1906-C1924 in the T. Thermophilus 50S subunit) are known to be highly dynamic during translocation and ribosome recycling. 13 Our simulations on the model 70S+EF-Tu suggest that including the EF-Tu (or EF-G due to similarity of the overall shapes of EF-G and Ef-Tu.tRNA complex) 83 reduces somewhat the fluctuations of h44 carrying the decoding center A1492 and A1493; whereas the absence of the tRNAs may increase the motions of h44 and H69 to a significant extent (Fig5 (a), (b) ). In addition, the lower end of h44 (nucleotides 1440-1460) is the most mobile part of h44 in the low frequency motions, contrary to the observations by VanLoock. 13 This discrepancy can be explained by the size of the cavity in which h44 is confined. In contrast to the work of VanLoock,13 the elastic network models allow a larger dynamic space around h44, which is created as a result of the ribosome global motions. In this way, the lower part of h44 may still function as an "anchoring point" as suggested by VanLoock; 13 yet not as a static anchor, but rather as a mobile anchor moving as part of a large supporting base (formed by its surroundings).
mRNA and its interactions with ribosomal proteins
The ribosome as an mRNA helicase-In a recent experimental study, it was proposed that the ribosome behaves as an mRNA helicase to unwind its helical structure for correct frame reading, and that ribosomal proteins S3 and S4 in the 30S, mediate residues to fulfill this task by acting like a 'clamp' around the mRNA. 34 In addition, the helicase can function even in the absence of GTP and elongation factors 34 implying that the collective motions of the complex are critical for this activity. In Figure 6 , mean square fluctuations of the distance between the i th and j th residues 〈ΔR ij 2 〉 = 〈ΔR i 2 〉 + 〈ΔR j 2 〉 −2 〈ΔR i ·ΔR j 〉 averaged over the first ten modes are plotted for S3, S4 and S5 (the mean-square fluctuations shown have been rescaled between 0 and 1). The results are shown for distances between parts of the ribosomal proteins S3 (i=1, …, 207), S4 (i=1, …, 208), S5 (i=1, …, 150) and the closest nucleotide (j=A27 in 1JGO) on the mRNA shown in Fig.6 (a) . The nodes at Arg131, Arg132, and Lys135 on S3, and also Arg47 and Arg50 on S4 (Fig.6 (a) ), which are known to have helicase activity, 34 are close to the mRNA and move in coordination with the mRNA for the 10 slowest modes summed cumulatively (Fig6 (b) ). During this global motion, S3 also comes into close proximity with the mRNA strand in such a way that its polar and hydrophilic side chains Glu161, Gln162 and Arg164, as well as Arg49 of S4, are close to the mRNA and can interact. Our normal mode analysis strongly agrees with the experimental observations on the Arg and Lys residues on S3 and S4, and hence we suggest that these reported residues or some closely nearby regions might be playing an important role in the helicase activity of the ribosome. Unfortunately A27 is the end of the mRNA and if the mRNA were longer it might show further details of the mRNA interactions.
S5 orients the mRNA strand for translation fidelity-The ribosomal protein S5 in the small subunit (Fig 6(a) ), despite its closeness to the helicase active site and its forming the ring around the entrance channel, was proposed not to play any role in unwinding the mRNA strand. 34 However, ambiguous ribosome mutations on S5 (Fig6 (a) ) have revealed that this protein has functional importance for translation fidelity, and specifically, loop 2 is involved in RNA binding. 36 Mean-square distance fluctuations between S5 residues and the nucleotide A27 (Fig6 (b) ) show that the entire S5 ribosomal protein remains closer to the mRNA than do S3 and S4. This suggests that the tight positional alignment of S5 with the mRNA is functionally important to orient the strand for correct frame reading at the A-site, confirming the previous work.
EF-Tu binding controls helicase activity-
The presence of bound tRNAs and EF-Tu affects the fluctuations of the small subunit head significantly. Based on the cumulative effects of the sum of the slowest ten modes, the mean-square distance fluctuations between ribosomal proteins S3, S4, S5 and nucleotide A27 for the model systems 70S, 70S_no_A_P_E and 70S+EF-Tu are shown in Figure 7 . The ratio of 〈ΔR ij 2 〉 values averaged over residues of the specific region is 5.6: 1.6: 1 Å 2 for 70S_no_A_P_E, 70S and 70S+EF-Tu, respectively. For purposes of comparison, the area under the curves has been normalized to one, for the S3, S4 and S5 proteins, and the motions are scaled between 0 and 1 to simplify comparisons of the relative motions of the different parts of the structure. In the absence of the tRNAs, the positional stabilities of helicase active site residues on S3-S4, as well as some residues on S5 are disturbed, whereas the stability of this region is enhanced by the presence of EF-Tu (with the tRNAs present). This finding indicates that the binding of the elongation factor may help the helicase active site to grasp the mRNA more strongly and S5 to further stabilize the structure by assuring correct codon reading at the A-site. S7, S11 and S18 control mRNA mobility-The ribosomal protein S7 is located near the decoding center, the mRNA and the tRNAs 2, 40 and has the particular role of initiating the 30S assembly process. 38 Sequence analysis of S7 indicates that Arg75-Gly82 and Tyr86-Val91 around a β-hairpin are highly conserved among different species, 40 and structural analysis implies that this arm may act as a gate keeper for the E-tRNA. 2 Moreover, the β-hairpin is highly flexible as observed over various crystal structures. 84 The presence of the ribosomal protein S18 in plastids is known to be essential for the survival of plant cells 44 and the amino terminus of this protein is observed to be in close contact with the S-D duplex at the initiation step. 30 In order to investigate the dynamics of the proteins S7, S11 and S18 located at the exit of mRNA channel, the mean-square fluctuations averaged over the ten slowest modes are considered (Fig 8) . The mean-square fluctuations of ribosomal proteins S11 and S18 have a lower amplitude compared with S7, indicating that the platform of the small subunit maintains its stability during collective motions. Similar to dynamics of the ribosomal proteins S3, S4, and S5 closely interacting with the mRNA strand, the low fluctuating residues of ribosomal proteins S7, S11 and S18 are lined up around the mRNA channel exit. This finding is significant since the flexibility of the small subunit head should be controlled for translational fidelity as has been previously suggested. 42 One of the regions fluctuating least on the small subunit is comprised of the highly conserved interaction residues in bacteria, between proteins S7 and S11, i.e. including polar residues Arg149-Arg155 on S7 and Arg54-Ala61 on S11. 42 Additionally, residues Arg78-Asn84 on a β-hairpin of S7, residues Lys123-Ser129 on S11 and Lys19 on S18 barely fluctuate with to the mRNA strand, as well as Arg54 on S18 with the 16S rRNA, as indicated earlier. 30, 43 A consistent picture arises in the case of 〈ΔR ij 2 〉 plots not shown here. This observation might be related to how the ribosome's unusual structure controls the translational fidelity by stabilizing the shifting speed of mRNA during the elongation phase, besides requiring several critical interactions. In summary, the motion of the mRNA may be controlled both at the entrance by S3, S4 and S5, and at the exit by S7, S11 and S18, along with 3' end of the 16S rRNA, based on the analysis of 10 slowest normal modes in this study.
The mRNA shows some limited range of motions at the P-site-To investigate the motions of the mRNA and the 3' end of the 16S rRNA, which form the Shine-Dalgarno duplex with the 5' mRNA in the initiation phase, the rescaled mean-square fluctuations 〈ΔR i 2 〉 over the 10 slowest modes are plotted in Figure 6 (c) and (d) where the inserts are the experimental B-factors from 2HGR (pdb) of the 30S T. Thermophilus crystal structure at 4.5Å 30 (there is no B-factor information for 1JGO). It is clear, both from the cumulative 10 modes and the B-factor plots that the A-and P-site codons are the least mobile sites in the low frequency motions while the 5' and 3' regions of the mRNA are more flexible, as previously reported from the difference Fourier maps. 30 In addition, the 3' end of the 16S rRNA, which has functional importance in the initiation complex to help the start codon be accommodated into the correct position,30 shows higher mobility, possibly to facilitate the movement of the ribosome along the mRNA after initiation. 32 , 79 In order to investigate any coupling of motion between the entrance and the exit of the mRNA channel, the inner dot product between the displacement vectors of the 3' end of the 16S rRNA and the helicase residues on S3 and S4 are calculated for the slowest 10 and 100 normal modes. Although in individual low frequency modes, these regions display correlated motions (e.g. in the second normal mode ~0.7) and anti-correlated motions (e.g. in the third normal mode ~−0.7), the average value of the correlation over the first 10 modes (first 100 modes) is ~ −0.2 (0.0) indicating a variety of motions of the entrance and exit of the mRNA channel.
To further validate our findings, the available crystal structures of the mRNAs (1JGO (blue), 43 2B64 (orange) 85, 2J00 (green) 67, 1YL4 (purple)86 and 2HGR30) are superimposed in Figure 6 (e). The superposition shows that both the 5' and 3' regions of the mRNA are more flexible and that the single stranded mRNA shows flexibility by assuming a range of conformations except where it is bound to the P-site due to codon-anticodon pairing and strong interactions, and to a lesser extent at the A site, recently studied in detail. 31 In addition, side chains of the helicase active site residues are flexible and adjust their conformations in coordination with those of the mRNA.
A model mechanism for translocation
By combining the hybrid-state model, the experimental data and the normal mode analysis for the elastic network models, one possible sequence of events for mRNA translocation may be summarized as a reach-catch-pull-release-reach cycle: (i) During the elongation phase, the ribosome collective motions cause the mRNA helical structure to be disrupted by being 'clamped' by the small subunit proteins S3 and S4, while S5 orients mRNA for correct frame reading at the A-site. (ii) Symmetrical to this site, the mRNA strand mobility is hindered by ribosomal proteins S7, S11 and S18 of the small subunit. (iii)The mRNA strand is held particularly tightly at the P-site due to dense packing and strong interactions critical for peptide bond synthesis, but after the head and ratchet-like rotation of 30S, the mRNA is forced to translocate one codon, and to A-and P-tRNAs adopt their hybrid-states. Then the CCA ends of the tRNAs translocate. (iv) The translocated mRNA strand finds enough space after leaving the P-site to the E-site and adjusts its conformation so that EtRNA can detach itself with the help of the L1 stalk. (v) Meanwhile, due to the 30S head motion, interactions between the 3' end of the 16S rRNA and the 5' region of the mRNA as well as proteins S7, S11, S18 are already weakened following initiation, but the intrinsically mobile 3' end of 16S acts like a hook to reel the folded mRNA into the inter-subunit region. (vi) The S3 and S4 clamp releases the shifted mRNA strand and seizes again the incoming mRNA strand to unwind it.
Conclusions and outlook
Recent elastic network models of large proteins coarse-grained at different hierarchical levels, i.e. at different resolutions, all exhibit extremely similar collective motions. 50, 51, 53, 87 Thus it is well established that the overall shape of the molecule rather than the details governs its dynamics. Simulating different model systems of the ribosome with the coarsegrained elastic network model has shown that the ratchet-like rotation of the two major subunits, rotation of the 30S head, and high fluctuation movements of the L1 and L7/L12 stalks are the motions most intrinsic to the structure of the ribosome. Our results support the view a specific shape has been selected for a system to fulfill some specific function, and once more points out the fact that similar motions can be found in structures with similar shapes, regardless of whether they are made up of RNA or RNA and proteins together. Translocation 6 occurs even in the absence of EF-G.GTP and the helicase activity of the ribosome does not require GTP hydrolysis, 34 indicating that the collective motions are important for translocation, the helicase activity of the ribosome, and translation fidelity.
The mean-square fluctuations in the slow modes reveal that the absence of ribosomal proteins L1, L7/L12 and the E-tRNA does not inhibit the ratchet-like rotation of the two subunits. However, in the model structure lacking the ribosomal protein L1, i.e. 70S_no_L1, the rRNA region of this stalk becomes more mobile while the elbow of E-tRNA loses mobility. On the other hand, the absence of E-tRNA (i.e. in model structure 70S_no_E) affects specifically the A-and P-tRNAs where the fluctuations increase. Our results have further revealed the stabilization of helix 44 carrying the decoding center, in the presence of the elongation factor.
We have proposed a possible sequence of events (a reach-catch-pull-release-reach cycle) for translocation during the elongation phase. In the small 30S subunit, the residues Arg131, Arg132, Lys135 in S3 and Arg47 and Arg50 in S3 were reported to be the important residues for the helicase activity of the ribosome. 34 In addition to these residues, our results suggest that Glu161, Gln162 and Arg164 on S3, and Arg49 on S4 may also be important to disrupt the helical structure of the mRNA. While the mRNA is constrained by the clamp at the entrance channel, at the exit site the 3' end of 16S rRNA remains intrinsically mobile, forming the S-D interaction with the 5' end of the mRNA during initiation acting like a hook to help the mRNA to exit the ribosome during elongation.
Another important observation concerns the exit site of the mRNA channel, which is surrounded by ribosomal proteins S7, S11 and S18. This region is observed to be one of the most stable parts of the ribosome complex while undergoing large collective motions such as the ratchet-like rotation of two subunits. Our results indicate that interaction region between proteins S7-S11 (i.e. Arg149-Arg155 on S7 and Arg54-Ala61 on S11), 42 residues Arg78-Asn84 on β-hairpin of S7, residues Lys123-Ser129 on S11, and residues Lys19 and Arg54 on S18 undergo limited motions with the mRNA compared to the remainder of the complex. These low amplitude fluctuations controlled by the overall structure of the complex are likely related to the control mechanism of translational fidelity during protein synthesis.
Many results observed in these simulations and in our recent calculations 88 conform closely to what was previously known about the ribosome and its motions, which is a significant accomplishment and which serves to validate the elastic ribosome models. Nonetheless there are a large number of testable roles of specific residues interacting with mRNA that have been suggested by the present calculations, as mentioned in the previous paragraphs. Finally, an intriguing question remains to be investigated whether the motions of the entrance and the exit channels of the mRNA are synchronized during protein synthesis. Functionally important regions of the 70S ribosome complex (panel a). The small 30S subunit shown in transparent blue (panel a and b) contains the mRNA binding region, as well as its entrance and exit channels, together with the decoding center residues A1492 and A1493 residing on helix 44, at the interface of two subunits. The tRNA binding sites A-, Pand E-are indicated (panel a).The large 50S subunit in gray (panel a) has two prominent mobile stalks L1 and L7/L12, involved in controlling the tRNA exit and tRNA entrance, respectively. Extended ribosomal protein L9 of 50S is removed in some simulations to prevent its large dominant motions in normal mode analysis. The 30S subunit head has been reported to rotate during subunit association, 10 tRNA selection9 and translocation,5 and this same type of rotation was also found in empty 70S E. coli ribosome crystal structure. 11 The ribosomal proteins studied and the3' end of 16S rRNA of the small subunit are shown in cartoon representation (panel b). All molecular graphics were prepared using PyMol. 89 Ribbon diagrams of some models for the 30S subunit, rRNA is represented in blue and ribosomal proteins in dark blue and for the 50S subunit, its rRNA is in grey and the ribosomal proteins in dark grey. (a) 70S and its complex with the A-, P-and E-tRNAs, together with the mRNA (b) the same 70S ribosome but also with EF-Tu and tRNA complex present in the hybrid A/T-site on 30S, and (c) rRNA of 70S and its complex with the A-, P-, E-tRNAs and mRNA, but without the proteins. PDB codes for the 30S and 50S subunits and EF-Tu are 1JGO, 43 1GIY43 and 1MJ1,66 respectively. Displacement vectors between alternative conformations of different model systems for slow modes. One alternative displacement direction is shown with the parts of the structure in different colored blue/dark blue (30S rRNA/ proteins), gray/ dark gray (50S rRNA/ proteins) and magenta (EF-Tu) arrows. For clarity, the displacements of tRNAs are not shown. Cumulative mean-square fluctuations over 10 slowest modes 〈ΔR i 2 〉 k=10 for the (a) E-tRNA, (b) 23S rRNA region of L1 stalk in models 70S and 70S_no_L1, and (c) A-and P-tRNAs in models 70S and 70S_no_E. The motions are scaled between 0 and 1 for clarity. Comparison of mRNA strands observed in various crystal structures; color codes for pdb files: 1JGO (blue),43 2B64 (orange),85 2J00 (green),67 1YL4 (purple),86 2HGR (black). 30 When the different ribosome crystal structures (color coded as mentioned above) are compared, it is noteworthy that the side chains of the residues functioning in the helicase activity are very mobile. Mean-square distance fluctuations 〈ΔR ij 2 〉 k=10 based on the cumulative sum of the slowest ten modes plotted for S3, S4, S5 between the closest mRNA nucleotide A27 for the model systems 70S, 70S_no_A_P_E and 70S+EF-Tu. The curves have been normalized and the motions are rescaled for purposes of comparison among the different parts of the structure. (a) The 5' end of the mRNA (red) is surrounded by ribosomal proteins S7 (magenta), S11 (turquoise) and S18 (gray) at the exit channel, shown in two views. The important residues reported in various studies30 , 42 , 43 , 84 are shown on the right in stick form. (b) Cumulative mean-square fluctuations summed over the slowest 10 modes 〈ΔR i 2 〉 k=10 plotted for S7, S11 and S18, and rescaled between 0 and 1 . It is clear that the residues indicated in (a) and (b) surrounding the mRNA undergo extremely small fluctuations in ten slowest most important modes. Table 1 Various ribosome models used in this study.
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